Accurate and reliable analysis of gene expression depends on the extraction of pure and high-quality RNA. However, while the conventional phenol-chloroform RNA extraction is preferable over silica-based columns, particularly when cost is a concern or higher RNA yield is desired, it can result in significant RNA contamination. Contaminants including excess phenol, chloroform, or salts, can have significant impacts on downstream applications, including RNA quantification and reverse transcription, that can skew data collection and interpretation. To overcome the issue of RNA contamination in the conventional phenolchloroform based RNA extraction method, we have optimized the protocol by adding one chloroform extraction step, and several RNA washing steps. Importantly, RNA quality and purity and accuracy in the quantification of RNA concentration were significantly improved with the modified protocol, resulting in reliable data collection and interpretation in downstream gene expression analysis.
Specifications Table [ More specific subject area RNA Purification and Quantification
Method name
Phenol-Chloroform RNA Extraction Name and reference of original method
Our method is an enhanced version of the Qiazol Total RNA extraction protocol: https:// www.qiagen.com/us/resources/download.aspx?id=61c3ddbd-69c1-4b68-ab89-a428f14a9245&lang=en, which is the commercially available form of the chloroformphenol/guanidine-based RNA extraction protocol originally developed and validated by Piotr Chomczynski and Nicoletta Sacchi in their publication [Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction, Chomczynski P, Sacchi N., Anal Biochem. 1987, Apr;162(1):156-9]. The publication was later updated, [The single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction: twenty-something years on,' Chomczynski P, Sacchi N., Nat Protoc. 2006;1(2):581-5]. All 3 methodologies are based on the use of guanidinium-phenol-chloroform to promote phase separation of biological mixtures and subsequent selective isolation of molecules of interest. Resource availability n/a
Method details

Background
Ribonucleic acid (RNA) is a major macromolecule essential in various biological processes, from serving as a template for protein synthesis to catalyzing biological reactions. As such, isolated RNA is widely used in a number of molecular biology assays, including gene expression analysis via reversetranscription quantitative polymerase chain reaction (RT-qPCR) arrays, and next generation sequencing. However, accurate and reliable gene expression data rely on the proper extraction of purified and high-quality RNA. Typically, RNA extraction is performed using one of two methods: phenol-chloroform based extraction or extraction using commercially available silica spin column kits. Phenol-chloroform based RNA extraction relies on the use of acid guanidinium thiocyanatephenol-chloroform to promote phase separation of biological mixtures and subsequent selective isolation of molecules of interest [1, 2] . Commercially available column-based kits on the other hand are often more straightforward, but can be relatively expensive compared to phenol-chloroform extraction methods, particularly when extracting RNA from a large number of samples. Additionally, phenol-chloroform based RNA extraction is advantageous when extracting RNA from small quantities of cells or tissues because it yields 2.4-93 times more RNA than silica column based protocols [3] [4] [5] . However, while phenol-chloroform extraction using proprietary phenol-based reagents (e.g., TRIzol; Thermo Fisher Scientific, Waltham, MA and QIAzol; Qiagen, Hilden Germany) is generally more economical, significant contaminants including phenol, guanidine, chloroform, and salt can remain in samples. The presence of these contaminants can affect both the quantitation of RNA on spectrophotometers as well as impact downstream assays. To overcome the issue of RNA contamination in the conventional phenol-chloroform based RNA extraction method (old), we have optimized the protocol by adding an additional chloroform step and several subsequent RNA washing steps using 75% ethanol (new). Fig. 1 demonstrates the differences between the old and new protocols. Importantly, we demonstrate that RNA quality and purity were significantly improved with the enhanced protocol, as was accuracy in the quantification of RNA concentration. Moreover, relative to samples with low levels of contaminants, cycle threshold (Ct) values after reverse-transcription and RT-qPCR were lower and less variable when using the new method, translating to a greater ability to Fig. 1 . Comparison of the Enhanced RNA Extraction Method to the Conventional Extraction Method. Table of defined steps in RNA extraction using the conventional (old) method versus our enhanced protocol (new). Notably, steps not included in the old protocol include: an additional chloroform step and several subsequent RNA washing steps using 75% ethanol. detect low abundance transcripts and to detect differences between groups more reliably. Importantly, although the total time required to complete the enhanced protocol will vary by experience, lab equipment, and sample number, investigators should expect the enhanced protocol to lengthen the amount of time required to perform RNA extraction by a minimum of 30 min relative to the conventional protocol.
Required reagents and equipment
Optional: RNase AWAY (Thermo Fisher Scientific, Waltham, MA) QIAzol (or other proprietary phenol-based reagent) Chloroform Isopropanol Ethanol (EtOH) Nuclease-free water 1.5 mL capped tubes 1 mL pipette, 0.2 mL pipette and tips Optional: 0.2 mL gel loading pipette tips Refrigerated centrifuge or centrifuge chilled to 4 C 65 C heat block Procedure Preparation 1 Prepare a clean area, using RNase AWAY spray or other chemical decontaminant.
Homogenization and RNA extraction
2 Aspirate media and add 500 mL of QIAzol to each well of cells.
Note: 500 mL of QIAzol is sufficient for 100,000-800,000 cells (plated in various well/plate sizes). If more QIAzol is necessary, volumes of chloroform and isopropanol in subsequent steps should be adjusted accordingly.
3 Let sit at room temperature (RT) for 3 min. 4 Scrape adherent cells using cell scraper and transfer to 1.5 mL tube.
5 Add 100 mL RNase-free chloroform to each tube containing 500 mL QIAzol.
6 Shake vigorously by hand for 15 s. 7 Let sit at RT for 3 min. 8 Centrifuge at 4 C 12,000Âg for 15 min.
9 Add 100 mL chloroform to a new 1.5 mL tube.
10 Transfer RNA-containing upper aqueous phase (clear supernatant) into chloroform. 11 Repeat chloroform extraction 1 time: a Shake vigorously by hand for 15 s. b Let set at RT for 3 min. c Centrifuge at 4 C 12,000Âg for 15 min.
RNA precipitation
12 Add 250 mL RNase-free isopropanol to a new 1.5 mL tube.
13 Transfer RNA-containing upper aqueous phase (clear supernatant) into isopropanol. 14 Invert by hand 10-20 times to mix. 15 Let sit at RT for 10 min. 16 Centrifuge at 4 C 12,000Âg for 10 min to precipitate RNA.
Note: There should be a visible small white pellet following precipitation, however if RNA concentration is very low, a pellet may not be visible.
17 Remove supernatant and discard.
Note: Supernatant can be removed at this step by carefully tilting the tube, and pouring the supernatant out, without disturbing the pellet. Some remaining supernatant is fine.
RNA wash
18 Add 1 mL of 75% EtOH in nuclease-free water to pellet. 19 Centrifuge at 4 C 7500Âg for 5 min. 20 Remove supernatant and discard.
Note: Supernatant can be removed at this step by carefully tilting the tube, and pouring the supernatant out, without disturbing the pellet. Some remaining supernatant is fine. 
Repeat
EtOH wash 2 times: a Add 1 mL of 75% EtOH in nuclease-free water to pellet. b Centrifuge at 4 C 7500Âg for 5 min. c Remove supernatant and discard. d Add 1 mL of 75% EtOH in nuclease-free water to pellet. e Centrifuge at 4 C 7500Âg for 5 min
RNA solubilization
26 Add 20 mL of nuclease-free water to the RNA pellet.
Note: Volume of water to be added can be optimized for desired RNA concentration. Heat tubes at 65 C for 2-5 min to solubilize RNA.
27 Vortex tubes 5-10 s, pulse spin, and place solubilized RNA on ice immediately. 28 Quantify RNA concentration and purity. 29 Use RNA for downstream applications or freeze at -80 C immediately.
*Indicates methodological deviations from the conventional phenol-based RNA extraction protocol.
Method validation
To quantify the impact of proprietary phenol-based reagents in purified RNA samples, QIAzol reagent was added to baseline concentrations of purified RNA from primary neonatal rat ventricular myocytes (NRVM). Baseline RNA concentrations using the new method and absorbance spectra were first recorded using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA). Then, to mimic typical phenol-based reagent contamination that is often observed with the standard (old) RNA extraction protocol, QIAzol was deliberately added to final concentrations of 0.001%, 0.010%, 0.10% Fig. 2 . Low Amounts of Phenol-Based Reagent Contamination Impacts RNA Quantitation. RNA extraction utilizing our enhanced protocol was performed on 4 independent NRVM samples. (A) Depicted in the table are 4 representative baseline RNA concentrations measured using a NanoDrop 2000. QIAzol was added to purified RNA to achieve final concentrations of 0.0010%, 0.010%, 0.10% and 1.0%. RNA concentrations were re-measured and results recorded to determine the effect of QIAzol on concentration and absorption spectra of relevant wavelengths. (B) NanoDrop absorption spectra from 4 representative RNA samples purified with the enhanced RNA extraction protocol pre-and post-QIAzol spike-ins. Peak UV absorbance occurs at 260 nm in purified RNA (blue) and at 270 nm following addition of QIAzol (red). Dashed line corresponds to 260 nm on X-axis. Gradient on right hand side increases in red corresponding with increasing QIAzol concentration in QIAzol spiked samples (red) ranging from the lowest QIAzol concentration 0.001% to the highest concentration 1.00%. Fig. 3 . Representative Spectra Comparing the Enhanced RNA Extraction Method to the Conventional Extraction Method. RNA was extracted from six independent NRVM samples using either the conventional RNA extraction protocol (old-red) or the enhanced protocol (new-blue). (A) The spectra were recorded with a NanoDrop 2000 and overlayed for comparisonwithin and between groups. Dashed line appears over 270 nm in the old protocol (red) and 260 nm in the new protocol (blue). (B) Box and whisker plots (min to max) of RNA concentrations based on the absorption spectra in RNA samples extracted using the old protocol versus the new protocol. Asterisk (*) denotes a significant difference between groups, unpaired T-test (*p < 0.05), n = 6 old, n = 6 new. and 1.0% (v/v %). Following QIAzol addition, NanoDrop readings were repeated to measure the impact of QIAzol contamination on both RNA concentration and purity based on the absorption spectrum ( Fig. 2A and B) . Our results indicate a linear relationship between the concentration of QIAzol contamination and an errant value of RNA concentration (ng/mL). The lowest concentration of QIAzol for example, 0.0010%, resulted in a change from baseline of -4.63%, while the highest concentration of QIAzol, 1.0%, resulted in a 1824.20% change from baseline ( Fig. 2A and B) . The intermediate amounts of QIAzol contamination, 0.1% and 0.01%, resulted in a 57.8% and 7.6% change respectively ( Fig. 2A and B) . Moreover, as the concentration of QIAzol increased, a distinct shift in the absorption spectrum towards higher wavelengths was observed, with a typical peak absorption at 270 nm, rather than 260 nm (Fig. 2B) . In contrast, the absorption spectrum from RNA samples Fig. 4 . RT-qPCR Analysis Comparing the Enhanced RNA Extraction Method to the Conventional Extraction Method. RT-qPCR was performed on reverse-transcribed RNA that was extracted from six independent NRVM samples using either the conventional RNA extraction protocol (old) or the enhanced protocol (new). (A) Bar graphs of individual Ct values for genes BNP, HIF-1, GAPDH and 18S. For all groups, asterisk (*) denotes a significant difference between groups, unpaired T-test (*p < 0.05, ***p<0.005, ****p<0.001). Below each graph is the coefficient of variation for all Ct values. For all targets, n = 6 old, n = 6 new, all run in triplicate. (B) Bar graphs of average triplicate values for targets HIF-1 and BNP normalized to either housekeeping gene 18S or GAPDH. For all groups, asterisk (*) denotes a significant difference between groups, unpaired T-test (*p < 0.05). Below each graph is the coefficient of variation for all Ct values. For all targets, n = 6 old, n = 6 new. extracted with the enhanced (new) protocol have a distinct peak at 260 nm, which is the maximum wavelength at which DNA and RNA absorb UV (Fig. 3A) , while using the standard (conventional) RNA extraction protocol frequently results in absorption spectra and RNA concentrations that resemble QIAzol-spiked samples (Fig. 3A) . Notably, a second distinct and substantial peak appeared at approximately 230 nm indicating further non-nucleic acid residual contamination (Fig. 3A) . Additionally, the quantification of RNA containing phenol-based contaminants was typically significantly inflated (p < 0.05), as compared to RNA purified using the new protocol (Fig. 3B) .
To quantify the effect of proprietary phenol-based reagents on RNA used in downstream applications, we performed RT-qPCR on contaminated and high-purity samples (old vs. new) of purified RNA from NRVM. Gene targets were chosen such that our data represent genes (in NRVM) with relatively high basal expression (natriuretic peptide type-B, BNP), low basal expression (hypoxia inducible factor, HIF-1), as well as two common housekeeping genes, ribosomal 18S RNA and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Our RT-qPCR results indicate that RNA purified using the old method resulted in significantly increased (p < 0.05) Ct values, as well as more variable Ct values (increased standard deviation, standard error, and higher coefficient of variation percentage) from samples of the same group relative to samples extracted using the newly adapted method (Fig. 4A) . Moreover, even after normalization of each target to appropriate housekeeping genes (e.g., 18S or GAPDH) variability between samples remained higher in samples extracted using the old methods versus the modified extraction method (Fig. 4B ).
NRVM were isolated from the ventricles of 1-to 2-day-old Sprague Dawley rats (Charles River, Wilmington, MA) by enzymatic digestions as described [6] . All animal protocols are in accordance with PHS Animal Welfare Assurance, ID A3269-01, and approved by the University of Colorado, DenverAnimal Care and Use Committee.
Conclusions
Contamination of RNA with proprietary phenol-based reagents such as QIAazol negatively impact RNA quantification, purity and results of downstream experiments. We demonstrated that RNA quality and purity were significantly improved with the modified protocol, as was accuracy in the quantification of RNA concentration based on the absorption spectra. Moreover, relative to samples with low levels of contaminants, Ct values after reverse-transcription and RT-qPCR were lower and less variable with the new method, translating to a greater ability to detect low abundance transcripts and to detect differences between groups more easily. While column-based RNA purification methods yield high-quality RNA, reagent cost becomes prohibitive especially when the number of samples is high. Additionally, RNA yield using column-based extraction methods is typically lower than non column-based purification methods. Our adaptable enhanced RNA extraction protocol effectively removes residual amounts of phenol-based contaminants without adding exorbitant demands on time, training or cost, and without decreasing overall RNA yield. Similar results were seen using the proprietary phenol-based reagent TRIzol (unpublished data). As such, we anticipate that these findings will be of interest to investigators who routinely quantify mRNA expression, particularly when extracting RNA from a large number of samples or from small quantities of cells or tissues.
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